Objective-The plasmin/plasminogen system is involved in atherosclerosis. However, the mechanisms by which it stimulates disease are not fully defined. A key event in atherogenesis is the deposition of low-density lipoprotein (LDL) on arterial walls where it is modified, aggregated, and retained. Macrophages are recruited to clear the lipoproteins, and they become foam cells. The goal of this study was to assess the role of plasmin in macrophage uptake of aggregated LDL and foam cell formation. Approach and Results-Plasminogen treatment of macrophages catabolizing aggregated LDL significantly accelerated foam cell formation. Macrophage interaction with aggregated LDL increased the surface expression of urokinase-type plasminogen activator receptor and plasminogen activator activity, resulting in increased ability to generate plasmin at the cell surface. The high local level of plasmin cleaves cell-associated aggregated LDL, allowing a portion of the aggregate to become sequestered in a nearly sealed, yet extracellular, acidic compartment. The low pH in the plasmininduced compartment allows lysosomal enzymes, delivered via lysosome exocytosis, greater activity, resulting in more efficient cholesteryl ester hydrolysis and delivery of a large cholesterol load to the macrophage, thereby promoting foam cell formation.
M ultiple lines of evidence suggest that the plasmin/plasminogen system is involved in the initiation and progression of atherosclerosis. [1] [2] [3] [4] [5] [6] [7] [8] [9] Plasmin is a fibrinolytic serine protease capable of directly degrading components of the extracellular matrix and activating matrix metalloproteinases. [10] [11] [12] Local increases in fibrinolytic activity associated with human atherosclerotic vessels were originally reported >40 years ago 13 and have since been confirmed. [1] [2] [3] [4] 10 Plasmin is generated via the cleavage of plasminogen by either urokinasetype plasminogen activator (uPA) or tissue PA. Monocytes/ macrophages are a major source of uPA in atherosclerotic lesions 10 where it is synthesized in an immature form, known as pro-uPA. 14 Pro-uPA becomes activated when it binds to the cell surface receptor uPA receptor (uPAR), thereby accelerating the conversion of plasminogen to plasmin. 15 In spite of extensive research, the role of the plasmin/plasminogen system in atherosclerotic lesion formation and progression remains incompletely characterized.
Studies in both humans and mouse models indicate an atherogenic role for plasmin. 1 In several large clinical studies, elevated plasma concentrations of both plasmin and its precursor plasminogen were shown to be risk factors for both atherosclerosis and myocardial infarcts. [2] [3] [4] Further, the expression of uPA 10, 16, 17 and uPAR 18, 19 is upregulated in atherosclerotic lesions and correlates with disease severity. 16, 18 Immunolocalization analyses have demonstrated uPAR staining localized to macrophages in the neointima of atherosclerotic lesions, but little uPAR is found on macrophages in nonatherosclerotic arteries. 19 Further, macrophage-targeted uPA overexpression is atherogenic in both ApoE −/− and LDLR −/− mice, [6] [7] [8] whereas macrophagespecific uPA knockout is atheroprotective in ApoE −/− mice. 9 These data strongly support the hypothesis that elevated uPA expression by artery wall macrophages accelerates atherosclerosis. Despite the fact that both animal and human studies have indicated a key role for macrophages in the atherogenic mechanisms of the plasmin/plasminogen system, most research has focused on plasmin-mediated modification of the extracellular matrix. 20, 21 As such, a coherent picture of the role of the plasmin/plasminogen system in atherogenesis, in particular with respect to macrophage biology, has not yet emerged.
Our laboratory is interested in the conversion of macrophages to foam cells via their interaction with aggregated lowdensity lipoprotein (agLDL). Although most studies examine foam cell formation via the incubation of macrophages with modified monomeric LDL (eg, oxidized LDL), this does not accurately reflect the in vivo environment because the vast majority of the LDL in atherosclerotic plaques is aggregated and avidly bound to the subendothelial matrix. [22] [23] [24] For example, >90% of lesional lipoproteins in human aortic fatty streaks were not released by extraction or by electrophoresis, 24 and monocyte/macrophage interaction with agLDL in atherosclerotic lesions has been visualized with electron microscopy. 25 Thus, mechanisms of foam cell formation based on ingestion of aggregated, rather than monomeric LDL, may be more physiologically relevant.
Previous studies in our laboratory and others have elucidated a novel pathway for macrophage foam cell formation via catabolism of agLDL. [26] [27] [28] We have shown that when macrophages come into contact with LDL aggregates, an extracellular, acidic, hydrolytic compartment (a lysosomal synapse) is formed. Lysosomes are delivered to the lysosomal synapse via targeted exocytosis, which results in the hydrolysis of LDL cholesteryl esters (CEs) and transfer of free cholesterol (FC) to the macrophage with subsequent foam cell formation. 27 The Kruth laboratory has examined the effects of plasmin on macrophages interacting with agLDL. 29 They found that plasmin treatment can disaggregate and release much, but not all, of the agLDL contained in the lysosomal synapse (also called a surface-connected compartment), generating lipoprotein structures similar to those observed extracellularly in atherosclerotic lesions. It is likely that the plasmin-mediated release of agLDL is caused by degradation of apolipoprotein B. 30 In this study, we examine the effects of plasmin on the interaction between macrophages and aggregated lipoproteins. Rather than examining the aggregate released by plasmin treatment, we focus on the portion of the aggregate that is not released from the lysosomal synapse and remains cell associated. Surprisingly, we found that plasminogen treatment of macrophages interacting with agLDL caused a significant increase in foam cell formation. Incubation of macrophages with agLDL increased the surface expression of uPAR and PA activity, which would produce a high level of plasmin near the cell surface. To understand the mechanism by which plasmin promotes foam cell formation, we visualized the effects of plasmin treatment on macrophage agLDL interactions using several microscopy and biochemical techniques. These experiments indicate that plasmin cleaves cell-associated agLDL, resulting in changes in the morphology of the lysosomal synapse and allowing a portion of the aggregate to be sequestered in a nearly sealed, yet extracellular, actindependent, acidic compartment. The morphological changes in the compartment induced by plasmin facilitate generation of a more acidic environment, which in turn allows lysosomal enzymes greater activity. This results in more efficient CE hydrolysis and the delivery of a large cholesterol load to the macrophage. These findings indicate that physiological plasminogen concentrations are sufficient for plasmin-mediated agLDL processing and provide a mechanism for the ability of plasmin to accelerate foam cell formation and atherosclerosis. A detailed understanding of the mechanisms of foam cell formation is imperative for successful therapeutic targeting of atherosclerosis.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Macrophage Incubation With Plasminogen Accelerates Foam Cell Formation
To examine the effects of plasmin on macrophage uptake of agLDL, bone marrow-derived macrophages interacting with AlexaFluor-546 (Alexa546)-agLDL were incubated for 4 hours in the absence ( Figure 1A ) or presence of a physiological concentration of plasminogen without ( Figure 1B ) or with ( Figure 1C ) α 2 -antiplasmin treatment. After agLDL incubation, cells were fixed and labeled with LipidTOX Green to detect lipid droplets. LipidTOX Green will also stain the CE portion of the agLDL, so aggregates appear yellow/orange. In the absence of plasminogen, most agLDL remained extracellular after 4 hours of incubation, and only a small percentage of cells containing LipidTOX-positive droplets could be seen ( Figure 1A ). However, bone marrow-derived macrophages incubated with agLDL in the presence of plasminogen resulted in the formation of numerous cells containing neutral-lipid droplets ( Figure 1B , arrows), indicative of foam cell formation. The percentage of LipidTOX-positive cells was quantified for each condition. Treatment with a physiological concentration of plasminogen caused a 3-fold increase in the number of lipid droplet-containing bone marrow-derived macrophages ( Figure 1D ). When the effects of plasminogen on foam cell formation in human monocyte-derived macrophages (huMDMs) were examined, a 2-fold increase in the number of lipid droplet-containing cells was observed ( Figure  I in the online-only Data Supplement).
Treatment with plasmin can lead to induction of proinflammatory cytokines that may cause cell death. 31 To investigate whether the increase in foam cell formation observed with the addition of plasminogen was partially a result of macrophage phagocytosis of dead cells, we performed a control in which cells were incubated with plasminogen in the absence of agLDL. There was no difference in the amount of LipidTOXpositive bone marrow-derived macrophages in plasminogentreated cells and untreated cells (data not shown).
Cells incubated with agLDL and treated with both plasminogen and plasmin inhibitor α 2 -antiplasmin did not show plasminogen-induced lipid droplet formation ( Figure 1C and 1D), indicating a specific role for plasmin in intracellular lipid accumulation and foam cell formation. The addition of α 2 -antiplasmin reduced foam cell formation to levels below that observed for agLDL alone ( Figure 1D ). It has been reported that the amount of plasminogen contained in serum is sufficient to act on macrophage agLDL processing. 29 The experiments shown in Figure 1 were performed in serumcontaining medium, so it is possible that both externally added and serum-derived plasminogen contribute to the observed increase in foam cell formation. Consistent with this, when the same experiment was performed in serum-free medium, there was no statistically significant difference in foam cell formation between cells treated with agLDL alone and cells treated with plasminogen and α 2 -antiplasmin in addition to the agLDL (data not shown).
Macrophage Incubation With agLDL Results in Increased Surface uPAR Expression and PA Activity
To understand the mechanism by which plasminogen promotes foam cell formation, we first investigated the level of local plasmin activity at the macrophage plasma membrane. It is known that uPAR expression can be induced by fatty acid macrophage loading. 32, 33 Thus, we wondered whether macrophage incubation with agLDL would cause an increase in surface uPAR expression. To test this, we performed immunofluorescence surface labeling of uPAR in nonpermeabilized J774 cells incubated with agLDL. In resting cells, a small amount of uPAR staining was observed at the cell surface ( Figure 2A ). On treatment with agLDL for 4 hours, the amount of surface uPAR staining was significantly increased ( Figure 2B ). Quantification of the surface levels of uPAR at different time points revealed a sharp increase in surface uPAR levels at 2 hours that reached a plateau at 4 hours ( Figure 2C ). These results fit with the observation of increased uPAR staining in colocalization with macrophages in human atherosclerotic lesions. 18, 19 Next, we measured cell-surface-associated PA activity as a function of agLDL incubation time. J774 macrophages were incubated with agLDL for various times followed by the addition of plasminogen for 30 minutes, and the concentration of plasmin generated was measured using a plasmin-specific chromogenic substrate. The increase in PA activity resulting from agLDL incubation was determined by the ratio of the amount of plasmin generated by macrophages incubated with agLDL divided by the plasmin concentration generated by macrophages incubated in media alone ( Figure 2D ). Surface PA activity increased 2.5-fold after a 4-hour incubation with agLDL, indicating that macrophages are able to generate high local levels of plasmin at the plasma membrane in response to contact with agLDL.
Plasmin Causes Morphological Changes in the Lysosomal Synapse That Result in Compartment Tightening
To visualize the consequences of these high local levels of plasmin, we performed time-lapse imaging of cells interacting with Alexa488-agLDL before and during plasmin treatment ( Figure 3A and 3B). Cells were incubated with Alexa488-agLDL for 1 hour to allow lysosomal synapse formation followed by the addition of 1 U/mL plasmin to the sample on the microscope stage. Consistent with previous studies, 29 time-lapse imaging shows cleavage and removal of much of the extracellular agLDL on plasmin treatment, whereas a portion of the aggregate remains cell associated ( Figure 3B , see also Movie I in the online-only Data Supplement). To further characterize the fraction of the aggregate that remains cell associated after plasmin treatment, cells were incubated with colloidal gold-labeled agLDL and imaged by transmission electron microscopy. Electron microscopy confirmed the presence of surface-associated agLDL residing in compartments at or near the cell surface in the absence of plasmin treatment ( Figure 3C , circled). We have shown previously that these are surface-connected, acidified, hydrolase-containing compartments, which we have termed lysosomal synapses. 27 After removal of much of the extracellular aggregate by plasmin, the remaining agLDL was in a compartment near the cell surface that seemed to be intracellular in EM thin sections (asterisks in Figure 3D ).
To determine whether the plasmin-induced compartments are intracellular or extracellular, we tested the accessibility of streptavidin-conjugated agLDL to biotin before and after plasmin treatment ( Figure 3E-3G ). J774 macrophages incubated with streptavidin-Alexa488-agLDL were exposed to a 2-minute pulse of Alexa546-biotin to label extracellular biotin-accessible structures and then fixed. Consistent with previous studies, in the absence of plasmin treatment, the biotin-Alexa546 staining clearly showed that the aggregate was largely extracellular after the 1-hour incubation ( Figure 3E ). 34 However, an Alexa546-biotin pulse performed after plasmin treatment results in the absence of biotin binding ( Figure 3F ), indicating that the aggregate in these compartments was not labeled during a brief incubation with Alexa546-biotin. An Alexa546-biotin pulse followed by plasmin treatment results in the formation of biotin-positive compartments ( Figure 3G ), confirming that the aggregate in these compartments was surface exposed before treatment. These data might indicate that the agLDL is in a fully sealed compartment, such as a phagosome, but we also considered the possibility that the surfaceconnected compartment had become nearly sealed but was still open to the extracellular space.
We have previously used plasma membrane labeling with fluorescent cholera toxin subunit B (CtB) to characterize the topological organization of the lysosomal synapse. 27, 28 In this experiment, the cells are not permeabilized, so the macromolecular CtB can only label glycolipids on the plasma membrane. We used this technique to compare the availability of agLDLcontaining compartments to CtB with and without plasmin treatment ( Figure 3H-3K) . In contrast to CtB-positive compartments in nontreated cells ( Figure 3H and 3I, arrows), agLDLcontaining plasmin-induced compartments generally lack CtB labeling ( Figure 3J and 3K, arrows). Plasmin-induced compartments in huMDMs also lack CtB labeling (data not shown). The ability of plasmin-induced compartments to exclude CtB and Alexa546-biotin suggests significant changes in their permeability to the extracellular space in comparison with compartments in nontreated cells. In light of these results, it seemed that plasmin treatment caused compartments to fully seal and become intracellular. Thus, we were surprised that in highmagnification 3-dimensional confocal reconstruction, agLDL in plasmin-induced CtB-negative compartments ( Figure 3K , arrows) appears continuous with extracellular portions of the aggregate (Figure 3K′ , arrow). The fact that agLDL in plasmininduced CtB-negative compartments is still connected to extracellular remnants of the aggregate shows that plasmin-induced compartments preserve connection to the extracellular space.
To further investigate the surface connectivity of plasmininduced compartments, we used a method based on pH-dependent quenching of extracellular fluorophores. This approach has been used previously to examine compartments that exclude large molecules yet preserve connection to the cell surface. 35, 36 For instance, endothelial cells form a subjunctional compartment during monocyte diapedesis that is not accessible to fluorescently labeled dextran but is sensitive to changes in extracellular pH. 36 To examine the surface connectivity of plasmin-induced compartments via modulation of extracellular pH, J774 macrophages and huMDMs were incubated with Error bars represent the SEM. D, J774 cells were incubated in the absence or presence of agLDL for the indicated time periods followed by a 30-min incubation with 2 μmol/L plasminogen and the concentration of plasmin generated was measured using a plasmin-specific chromogenic substrate. Changes in PA activity resulting from agLDL incubation were quantified by dividing the plasmin concentration generated by cells incubated with agLDL by the plasmin concentration measured for cells incubated in media alone for the same amount of time. Data compiled from 3 independent experiments. Error bars represent the SEM.
agLDL labeled with fluorescein isothiocyanate, a pH-sensitive fluorophore, for 45 minutes, treated with 1U/mL plasmin for 15 minutes and examined in the absence ( Figure 3L ) or presence ( Figure 3M ) of a cell impermeant low pH buffer. 37 The fluorescence of fluorescein isothiocyanate-agLDL in plasmin-induced compartments is efficiently quenched by 2-(N-morpholino)ethanesulfonic acid (pH 5.5; Figure 3L-3N ). Control cells, in which the cytoplasm was loaded with 2′7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, a fluo rescent pH sensor, did not show a decrease in fluorescence on treatment with 2-(N-morpholino)ethanesulfonic acid pH 5.5 ( Figure 3O-3Q) , confirming that the treatment did not affect the pH of intracellular compartments. Data from huMDMs also show that the fluorescence of fluorescein isothiocyanate-agLDL in plasmin-induced compartments is efficiently quenched by 2-(N-morpholino)ethanesulfonic acid (pH 5.5), indicating that in human macrophages the lysosomal synapse remains surface connected after plasmin treatment ( Figure 3L-3N , inset). Taken together these data show that plasmin-induced compartments preserve connection to the cell surface, but this connection is more nearly sealed than in compartments in nontreated cells.
Formation of Plasmin-Induced Compartments Is an F-Actin-Dependent Process
The lysosomal synapse is formed via F-actin-driven membrane protrusions surrounding the aggregate, and enhanced Plasmin treatment results in the formation of intracytoplasmic compartments containing condensed agLDL (D, asterisks). J774 cells were incubated with streptavidin-Alexa488-agLDL (green) for 60 min and left untreated (E) or treated with 1 U/mL plasmin during the last 15 min of incubation (F and G). Cells were pulsed for 2 min with Alexa546-biotin (red) at the end of incubation (E), after (F), or before (G) plasmin treatment. In the absence of plasmin treatment agLDL in the lysosomal synapse is available for biotin labeling (E, yellow). However, agLDL in plasmin-induced compartments is unavailable for biotin binding after plasmin treatment (absence of yellow in F). AgLDL in plasmin-induced compartments was surface exposed and available for biotin binding before plasmin treatment (G, yellow). J774 cells were incubated with Alexa546-agLDL (red) for 45 min (H and I) or for 30 min followed by a 15-min release with 1 U/mL plasmin (J and K) and labeled on ice with Alexa488-cholera toxin subunit B (CtB; green) before fixation. In the absence of plasmin treatment, agLDL residing in the lysosomal synapse is available for CtB labeling (H and I, yellow, arrows). Plasmininduced compartments (J and K, arrows) are unavailable for CtB as indicated by the absence of green labeling around agLDL. actin polymerization is detected during the first hour of the cellaggregate interaction. 28 To test the role of actin polymerization in the formation and tightening of plasmin-induced compartments, we performed plasmin treatment on J774 macrophages and huMDMs in the presence of the F-actin disrupting drug latrunculin A (Figure 4 ). In the absence of latrunculin A treatment, agLDL was observed primarily in plasmin-induced compartments ( Figure 4A) . Consistent with the known function of the lysosomal synapse, the cholesterol-binding dye filipin indicates that these compartments contain high levels of FC ( Figure 4B ). However, plasmin treatment in the presence of latrunculin A removed almost all of the cell engaged agLDL and inhibited the formation of plasmin-induced compartments and the generation of FC ( Figure 4D-4F) . These data confirm the critical role of actin polymerization in the formation of plasmin-induced compartments.
Plasmin-Induced Compartment Tightening Results in Increased Compartment Acidification
We have previously reported that the lysosomal synapse functions as an extracellular hydrolytic organelle because of targeted exocytosis of lysosomes and compartment acidification by vacuolar (H + )-ATPase on the plasma membrane. 27 The presence of lysosomal acid lipase and a low pH lead to extracellular hydrolysis of CEs. 27, 28 However, pH values observed in the lysosomal synapse are typically higher than in lysosomes and fluctuate because of diffusion of H + ions into the extracellular space. 27 To test how tightening of plasmin-induced compartments affects compartment acidification, we labeled LDL with CypHer 5E Mono N-hydroxysuccinimide ester and Alexa488. The fluorescence of CypHer 5E Mono N-hydroxysuccinimide ester increases as the pH decreases from 7 to 5, 38 whereas Alexa488 is pH-independent in this range. Macrophages were incubated with dual-labeled agLDL, and the pH of the aggregate-containing compartment was determined from the ratio of CypHer 5E Mono N-hydroxysuccinimide ester to Alexa488 fluorescence as compared with values obtained in pH calibration buffers. When J774 and huMDMs interacted with the dual-labeled agLDL, regions of low pH could be seen at the contact sites ( Figure 5A-5D ). Measurements of the lowest pH achieved per compartment revealed that plasmin-induced compartments are significantly more acidic than their counterparts in nontreated cells ( Figure 5E ). The optimal activity for lysosomal acid lipase is at pH 5.5, 39 which is the average value of the lowest pH recorded in plasmin-induced compartments. The pH in plasmin-induced compartments allows enhanced lysosomal acid lipase activity and thereby more efficient CE hydrolysis than in untreated compartments.
CE Hydrolysis in Plasmin-Induced Compartments Is More Efficient, Leading to the Cellular Delivery of Large Amounts of FC
The lower pH of plasmin-induced compartments suggests increased activity of lysosomal enzymes, in particular lysosomal acid lipase. To measure changes in agLDL-derived CE hydrolysis resulting from plasmin treatment, we fixed nontreated and plasmin-treated J774 macrophages and huMDMs and labeled them with the cholesterol-binding dye filipin ( Figure 6A-6H) . In nontreated cells, agLDL had the typical thread-like morphology, and the filipin signal was increased at sites of contact between aggregates and cells because of CE hydrolysis in the lysosomal synapse ( Figure 6A-6D , arrows). 27, 28 Plasmin treatment caused a change in agLDL morphology resulting in the formation of condensed, cellassociated structures significantly enriched in FC, as reflected by bright filipin labeling ( Figure 6E-6H, arrowheads) .
To measure changes in agLDL-derived CE hydrolysis on plasmin treatment, J774 macrophages were incubated with agLDL reconstituted with 14 C-labeled cholesteryl oleate, left untreated, or treated with plasmin, and the hydrolysis of CE was measured as described previously. 27 We found that the fraction of cell-associated CE that was hydrolyzed to FC after plasmin treatment was 3× higher than in nontreated cells ( Figure 6I ). These data show that plasmin treatment of macrophages interacting with agLDL results in the delivery of large amounts of FC to the cell, which facilitates the increase in foam cell formation resulting from plasminogen treatment.
Discussion
A key pathogenic event in the development of atherosclerosis is the retention of lipoprotein particles in the subintima. 40 These lipoprotein particles undergo oxidative modification, association with extracellular matrix proteoglycans, and aggregation. 23 Macrophages attempt to clear the lipoproteins and subsequently become foam cells. The physical features of the lipoproteins require distinctive mechanisms for their uptake. In particular, unlike monomeric LDL, the uptake of agLDL does not involve receptor-mediated endocytosis, but rather the aggregate is sequestered in deep invaginations at the cell surface, termed the lysosomal synapse. [26] [27] [28] Our studies elucidate the mechanism of a novel pathway by which the plasmin/plasminogen system may act on macrophage-engaged agLDL contributing to accelerated foam cell formation and thereby atherogenesis. The results nicely reconcile the data of the Kruth group, showing that plasminogen releases agLDL from macrophages, 29 with the reported atherogenicity of the plasmin/plasminogen system. We have shown that plasmin can dramatically alter the early processing of cell-associated agLDL, its uptake by macrophages, and foam cell formation. Figure 7 shows a schematic of the proposed mechanism of plasmin action. Monomeric LDL in the blood stream is deposited in the subintimal space, where it becomes oxidatively modified, retained, and aggregated. When macrophages come into contact with agLDL, they form an extracellular acidic hydrolytic compartment, a lysosomal synapse ( Figure 7A and 7B) . Interaction of macrophages with agLDL causes upregulation of uPAR and increased PA activity, resulting in the generation of local levels of plasmin sufficient to cleave the aggregate ( Figure 7C ). Upregulation of macrophage uPAR is also observed in human atherosclerotic lesions, 18, 19 possibly because of macrophage interaction with agLDL. The aggregate located in acidic portions of the compartment probably is not cleaved further by plasmin because of the enzyme's low activity at acidic pH. 39 Cleavage of macrophage-engaged agLDL results in tightening of the plasmin-induced compartment in an actin-dependent manner. Compartment tightening allows more efficient generation of an acidic environment and enhanced activity of lysosomal enzymes that are exocytosed to the lysosomal synapse ( Figure 7D ). This results in accelerated agLDL catabolism, leading to the delivery of large amounts of FC to the macrophage, thereby promoting foam cell formation. For clarity, we note that the lysosomal synapse forms independently of plasmin and is then modified by plasmin.
One aspect of the plasmin-induced changes in the physical organization of the lysosomal synapse that we find intriguing is the fact that the compartments do not fully seal. A proposed rationale for the need for extracellular hydrolysis in a lysosomal synapse was that macrophages could not internalize large species or moieties tightly linked to the extracellular matrix, even by phagocytosis. However, after plasmin treatment, there is no apparent reason that the compartments do not fully seal. Further, in the absence of plasmin we have repeatedly observed formation of the lysosomal synapse even with agLDL particles that are small enough to be internalized via phagocytosis. There is some precedence for macrophage surface-connected compartments containing lipoproteins that do not immediately seal. Macrophages sequester large β-very LDL proteins in peripheral tubular compartments that remain surface connected for several minutes. 35 One possible reason the compartments do not fully close is that moieties generated during the catabolism of agLDL inhibit compartment sealing. Phagosome sealing occurs through contractile activities regulated by Rho-family GTPases. 41 In particular, Rac and Cdc42 are transiently activated during phagocytosis. 42 Rac and/or Cdc42 are also involved in macrophage agLDL interactions inducing local actin polymerization to form the lysosomal synapse. 28 We have previously reported that loading of macrophages with FC causes increased Rac activity. 43 Interestingly, it was shown that constant activation of Rac causes a delay in phagosome closure. 44 Thus, it is possible that agLDL-derived FC and potentially other moieties generated during the catabolism of agLDL affect Rho-family GTPase activities in a way that interferes with their activation-inactivation cycle, thus preventing compartment sealing. The detailed signaling mechanisms responsible for lysosomal synapse formation and function are currently under investigation. The fact that the plasmin-induced compartments retain connection to the extracellular space is relevant to both atherogenesis and macrophage biology. Pharmacological approaches to inhibit lipid accumulation by macrophage foam cells have been pursued intensely as they are thought to be of value in preventing coronary artery disease. 45 However, successes have been limited, possibly because of an incomplete understanding of the mechanisms of foam cell formation in vivo. The cellular mechanisms for agLDL catabolism are likely to be significantly different for extracellular hydrolysis by lysosomal enzymes as opposed to degradation within a phagolysosome. After pinching off, phagosomes undergo a maturation process that alters their membrane composition. 46 As a consequence, different sets of soluble N-ethylmaleimide-sensitive factor attachment protein receptors and other proteins are used for lysosome fusion with phagosomes and lysosome fusion with the plasma membrane. [47] [48] [49] To develop efficacious therapeutic approaches, the exact mechanism by which macrophages become foam cells must be understood.
Further, the extracellular catabolism of agLDL may play a role in the development of the atherosclerotic core itself. We have shown in our previous work that lysosomal synapses are dynamic. 27 They can be tightly sealed at times, but they also transiently open up, a process that would not happen with a fully sealed phagolysosome. This opening can release catabolic products, such as unesterified cholesterol, into the extracellular space. Significant increases in the ratio of free to total cholesterol have been observed during progression of plaques from fatty streaks to fibrolipid lesions. 50, 51 Extracellular FC is present in excess in advanced plaques, particularly those prone to rupture and, therefore, may represent an underlying sign of lesion instability. However, the source of this unesterified cholesterol is currently unknown. It is plausible that the extracellular hydrolysis of CEs contained in agLDL may contribute to the increased extracellular FC contained in the atherosclerotic core of fibrolipid lesions. The release of FC into the extracellular space may A, B, E, and F) and human monocyte-derived macrophages (huMDMs; C, D, G, and  H) were incubated with Alexa546-agLDL for 45 min and left untreated (A through D) or treated with 1 U/mL plasmin for the last 15 min of incubation (E through H). Cells were then fixed and labeled with filipin (B, D, F, and H) . In the absence of plasmin treatment, a major fraction of the agLDL stays in contact with the cell surface (A through D, arrows). Plasmin treatment results in formation of cell-associated compartments containing condensed agLDL and a significant amount of FC (E through H, arrowheads). I, J774 cells were incubated with 14 C-cholesteryl oleate-labeled agLDL for 90 min, left untreated, or treated with plasmin during the last 15 min of incubation. After rinsing out extracellular agLDL, cellular lipids were extracted and separated by thin layer chromatography. The amount of agLDL-derived FC and cholesteryl ester was measured by radioautography. ***P≤0.001 Student t test. Data compiled from 2 independent experiments. Error bars represent the SEM.
also play a role in the formation of extracellular cholesterol crystals, implicated as a mechanical factor that contributes directly to plaque vulnerability. 52 Several additional enzymes are likely released into the extracellular space during the process of macrophage agLDL catabolism, including lysosomal hydrolases, which have been implicated in some studies to increase fusion of lipoproteins 53 and hydrolyze the extracellular matrix. 54 In conclusion, the data presented herein indicate that in addition to remodeling the extracellular matrix, plasmin may be involved in lipoprotein modification and foam cell formation during genesis and progression of atherosclerotic lesions. Plasmin-induced macrophage cholesterol accumulation is a novel pathway by which the plasmin/plasminogen system may contribute to atherogenesis. These findings provide new insight into the atherogenicity of plasmin and implicate a specific mechanism by which plasmin can accelerate atherosclerosis. Elucidation of this pathway may enable the development of novel, targeted therapies for the prevention of atherosclerosis. This newly identified pathway for the plasmin/plasminogen system to regulate foam cell formation provides a new context in which to understand the mechanism by which plasmin plays a role in proatherogenic processes. Figure 7 . Proposed model explaining the mechanism of plasmin-induced foam cell formation. A, Monomeric low-density lipoprotein (LDL; red) in the blood stream is deposited in the subintimal space, where it becomes oxidatively modified, retained, and aggregated. When subintimal macrophages (purple) interact with aggregated LDL (agLDL; red), an extracellular, acidic, hydrolytic compartment, a lysosomal synapse, is created. B, The lysosomal synapse is formed by F-actin (green)-driven plasma membrane protrusions. The low pH of the compartment is maintained by V-ATPase in the macrophage plasma membrane. Free cholesterol (FC) may be transferred to the macrophage plasma membrane after hydrolysis of LDL cholesteryl esters (CEs) by lysosomal acid lipase that has been delivered to the compartment via lysosome exocytosis. C, Macrophage interaction with agLDL results in upregulation of surface urokinase-type plasminogen activator receptor (uPAR) expression and increased plasminogen activator (PA) activity resulting in the generation of local levels of plasmin sufficient to cleave the aggregate. The aggregate located in acidic portions of the compartment is not cleaved by plasmin because of its low activity at acidic pH. D, Proteolysis of macrophage-engaged agLDL results in tightening of the plasmin-induced compartment in an actin-dependent process. Compartment tightening allows efficient generation of an acidic environment and enhanced activity of lysosomal enzymes which are exocytosed to the lysosomal synapse. This results in accelerated agLDL catabolism leading to the delivery of large amounts of FC to the macrophage and thereby promoting foam cell formation.
